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AERONAUTICAL S\T\inOLS. 
1. FUNDAMENTAL AND DERIVED UNITS. 





Symbol. 


iletric. 


English. 


Unit. 


Symbol, 


Uiit, 


Symbol. 


Length. . . 
Time 


/ 
t 

F 


meter 


m. 
sec. 




ft. (or mi ). 
BOO. (or hr.). 
lb. 


Force 




wciglit of one pound .... 


Po^ver. . . 


P 








IP 

M. P. IT. 




m. p. 8. 













2, GENERAL SraBOLS, ETC. 

Weight, 1F= vvh ' Specific weight of ''standard " air, 1.223 Icg/m.' 

Standard acceleration of f^ravity, ^-COyCSo lb/ft.* 

f7^9.S0Gm/scc.'==32.172ft/sec.^ Moment of inertia, ml:- (indicate axis of tho 

Mass m = -^ radius of gyration, t, by proper subscript). 

' g Area, S; wing area, AV, etc. 

Density (mass per unit volume), p G ' 

Standard density of dry air, 0.12-17 (kg.-m.- Span, I; chord Icnjjth, c, 

sec.) at IS.C'C. and 760 mm. ==0.00237 (lb.- Aspect ratio -&/c ^ 

f t.-scc.) Distance from c. (j. to elevator hinge,/. 

Coefiicicnt of viscosity,\ju.;^ 

3. AERODVNAMtC.\L SYMBOI^. 



True airspeed, V 

Dynamic (or impact) pressure, q^^p^^ 

L 



Dihedral angle, y 



VI 



Lift, L; absolute cocfTicicnt CJ. 



Drag, D; absolute cooflicient d-.^ 



D 



Cross-wind force, C; absolute coefiicicnt 

Resultant force, Ii 

(Note that thcsn cocfllcients nro twice as 
largo as tho old cocfllcients Lc, 



Reynolds Number ■=p—, where I is linear di- 

mension. 

c. g., for a model airfoil 3 in. chord, JOG i.'iAir., 
normal pressure, O^'C: 255,000 and at I5.i "^C, 

230,000; 

or for a model of 10 cm. chord, 40 m/sec, 
corresponding r.umbers are 299,000 and 
270,000. 

Center of pressure coefficient (ratio of disUncti 
of CP, from leading edge to chord length), 

0,. 



Angle of setting of wings (relative to thrust Angle of stabilizer setting with reference to 



line), v 

Angle of stabilizer settmg with rcforynce to 
thrust lino ix 



lower wing. (Vt— z'w) ^ ? 
Anglo of attack, a 
Angle of dowiiwash, e 
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THE AERODYNAMIC FORCES ON AIRSHIP KULLS. 

By Max M. Mukk. 



SUMMARY. 

This report iloscribes the nc^v mothotl for making computations comicction ^^•ith the 
studv of ri-ici «irship.s, whicli was used in the Investigation of Xuvy's ^/''-^ ^O' ^V'^'^'''^ 
sul>committ°CP of tho Xnli.mul Advisory Committoe for Aeronautics nppcxr^tcd for th.> purpose. 
It presents the general theory of tlic air forces on ai.hip hulls of the tj^c mentioned, and nn 
attcnmt has been made to develop the results from the very fundamcntrA. of mechanic., wuh- 
out reference to some of th,. modor.i highly .leveloped conceptions, .^^,eh may not yet be 
thoronchlv known to a reader uninitiated into modern aerodynamics, nal ^vh^c]l may pcrliapa 
for all times remain restricte'l to ft small mmiber of specinlisls. 

1. GF.NKH.U. IMIOPRUTIES OF AERODYNAMIC FLOWS 

1 The student of the m,.tion of solids in air will (ind advantage iv first neglecting the 
viscositv and compressibility of the latter. The innuenee of these t.^, properties o air are 
better s'tudied ,.fter the student has become thoroughly famdiur with tic s.mphacd uol. le 
The results are then to be corrected and modified; but in most cases thw rwnam snbstaat.ally 

''"'"^.■vccordinH^- 1 begin wi.h the discussion of the general properties of aerodynan.ic liov.'s 
producer I v the motion of one or more solid bodies within a perfect^ ftnd oti^crwIse at rest 
frorder to be able to applv the general laws of mechanics to (lu.d motion I. suppose the air to 
b d c e i oTrt cles^so smnlfthnt the differences of velocity at difTe.nt point.s of one par- 
Ude c n be ne'le<.ted. This is always possible, as sudden changes of vo ocity do no occur 
in act'ml fio." nor in the kind of Ik.w. dealt with at present. The ter.. "fiow" denotes the 

wS"e;:d:;;ami;t2'e5en:^ forces (that is. forces unif.nnly distributed over 

the ^^^'nX^d. The only force of this character which could be s^ipposed to in, u- 
once^^l i< -ravity. T( is neutralized by the decrease of pressure w:th increasing all a. u!e. 

In l ioth nvit^' and pressure decrease can be omitte<l without inju.y to the rcsu li.. Ih.s 
does not refe forces such as the buoyancy of an airship, bu the aerostutie f.rces 

TL\m^';or;;^lSr.!;r'n pnnlde IS therefore the resultant of thefor.es exerted by the 
a-diaee,rt rtl " -Vs the llui.i is supposed to be nonviscous. it can n;.,t 

In genci.u un> pu . / i. ...i..... r„„cMer now i. very .'=mnli cube with 
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hr.nco, it is "^jV^* volunu' it is ^^^i* vcjiunio <if the cuho is t/jr, c/y. 

J( run 1)0 showit in tlu* same wny that tli<" nihvv two componoiUs of the furcc per unit volume 

nre-^j\'\n(l Such a relation as existiiifr between the pressune tlislrihution and the force 

produciul hy ii is generally describ.ed ns (he force being the "p-adienl " of the pressure, or 
rather tlie negative gradient. Any steady di??t'H»ulion of pressurehns n ,frrndieut at e.*>cl^ point, 
hut if a distribution of forces (fu* of otlu»r vectors) is given, it is not always possible to assign 
a quantity such thai (he forces jire its gradient. 

We deiUiU' tin* deii-ity <»f air hy p: that is, ihe mass per unit v(»luine, assumed to he Ci»n- 
stant. (h may dein>tr* the small vohnn** of a particle of air. The mass t^f this parllcU* is then 
p(/r. The e(»m|)on(»nlN of the vt»lorily T of ttiis particle parallel r, //, and z may he denoted 

by H, \\ t\nd \r. Kacli partich' has then ihe kinetic energy </2'-= ,^ rfr(;/=+ c' W'^) and the 

(•omp<»ncnt of monnMKum, s;iy in th(^ X. (Hreoti(»n, is pdrn. The kin(»lif energy the entire 
How is the integral of that of ail particles. 

r^lp^' + r f li^'Mr..., (1) 

Similarly, the ctMuponent of luomenium in tlie A'^hrection is the hlegral 

p/wrfr (2) 

and two -irnilar eqm\tions give the comj>onents for the two oilier dircction>. Tliese integrals 
will later be transfornn»d to make then^ lit ft)r actual compulation of the energy and tlic 
momentum. 

It is sometiino useful to consid(^r very large forces, pressu-es, or volume foices acting 
during a time element fit so thai their product by this time ehment he^'omes finite. Such 
actions are calle<l "in\puj.Hve." Multij)lied by the tin^e element tliey are cah'ed imj)ulses. or 
density of impulse per nnxi area or unit volume a.- the case may b>. 

2, After tliese general ilelinitions ami exjdanations, I pr<»ee(d to establish the ctjuations 
whicth govern an aerodynamic How. Due to tbe assumed eon.staiii density, we have the well- 
known ecpuilion of continuity^ 

d/^dy^dr 

We turn now to the fact that for aerodynann{* probh^ns tft< flow ran \n- assumed to ]}r 
pnxluced b\ tlie motion of bodies in air originally nt rest. As explained above, the only f<»rce 
per mut vtdinne acting ofi each partich* is the gradient of the pressure. xVow, tin's gr;uli<»nl 
can only be formed and expressed if the pressure is given as a fitncion *>f the space c(»ordinalos 
.r, ?/, and z. The laws of nuvhanics, on the other hand, deal with one particular j>nrti<*!e. and 
this (loe^ not stand stil! but change^ its spiicc coi>rdinales c(»ntinually . lu order to nvoid 
didiculties arising therefrom, it is convenient first to c<ui^i<ler fhf fh)w during n very sIkmI 
time int(^rval only, dming which, the changi^s of the space cocudinates of the f)anicles cini bo 
neglected as all velocities are linite. Tiu> forces and pressun^s, bavcver. are su})j)oscd lo {>f» 
impulsive, so that during the short interval finite changes of vt!ocit\ tak(» place. Suppose 
first (he lluid and the bodies immers<'d therein to br at rest. Diring the creation i>f the ll(»w 
the <l(Mwi(y of iinpulse per unit area may be 1\ i. e., /»-=J/»r//. Tlu- principles of mechanics 
give then 



TlIK AKBODVXA.MK; 1-OIti :i„-i ox AinSllIP HUM.S. ^ 
niul siinllnrly in iho two other diicctions 



" H) 



TJonc-c tl.V vcl.-cilv tl.us croaU«d is tl.o .nuliont ,.f ( A. H.is sUlc of i.vcstig.tion tlu, 
value, of ^- is not vet known. But the iinporlant rosuU i. that li^c How thus cr.Ucnl is of .h. 

,vno havifv. . dist.ihulion of vcl-K-ity which is a gnuliont of some 'i;!'" 

dentin/ .iT <l> i. tho im,,ulsc density which wouhl stop .the How, div.dod In the dcn^ti p. 
According to (1) 

"-d? ''"dV "-""dz 

from which foUows r , , j \ - . - d') 

J («(/.r +V(/.v + -- • 

A second (lifForentintion of (5) gives 

etc 

by dx' 

.inco both arc e,ual to The substitution of (5) into the e<,ualion of continuity (3) gives 

d-* , d^* , dM>_ , tS) 

(Laol«c. s ..nation), whi^h is the desired ..nation for the <:;:^-|;';: ^r^;;!;;:;; 
from rest iiut ov«t continuous and changing pressure can ^>^^;^M•1^^";' /.y .. ^ ml U m^^^ 

.ho IliiUl. Tlic prossuro is iIktoCot U. l.c .■x|.rcsi>cil a» a tni,cl...ii "1 ua 1 ^^^^ 

.„d so k .oc*ra.i..,. ..I . ,.»r.We. H»c.l, «m|».uml ..f .he ,,.T*.,„u..... s»y ^. <o 

1„. »,„-.,sc.l lo llu. nac a .■h„„sc „r lh« vcU«ily .oinpcm..,. ,.. . er.ui.. I....... I' 
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by llio voliM-iiy t itjii[)oiio!a> ;in<! ilirir Incnl tlrrivativos llicnisch'os. TW\s i.s done by the c([ua- 
tion 

(In d^r d'f d'f du 

(It dt dx dj/ o: 

For d'.irin;^' tlic unit (»f tijuc tlu* piiriirlc cbaii^res its <*(>(inliiiji I ^s by u, v. niul »/\ mspcctivoly, 

niul thoiTfort^ rcndit's u rogioii whore llu* 'elocity is lar<;er ly ^'^^ ' '^''''"^ incronso of 

veloc ity hns to be athie<l to th<' rate of eh:in<j;e per unit time the velocity at one j)artieu!nr 
|)oint. 

Tho j^ofierul priiwiplcs of meehaiiies. applied to a particle of unit voUmie, ^mvc therefore 

(In . dx , d'/ . I bp ,,,,, 

(It dt dx dt/ dz pdx 



Siibstitutiajj erjuation (7) in the last equation, wc have 



du , du dv , d?r 1 dp , , 

Vv- -r v;5, ...,.(11) 

o/ dr dx d.T p dx 
Integratiu;: tliis with respeet to dx gives 

4?^'2(''''^'''"^''''^^'^p^' ^^^^ 

Tiio etiiiatioiv.i for the two other eoiiipoiients of the acfeleralion would f^ive tl\e same equuliou, 
Ileiire it appears tlmt tiie pressure ean be divided into two pr.rts superposed. The first (>uri, 

— />s^^-,is tile part of t he pressure buihling u[> or changing the |K^teritial (low. It is zero if the 

flow is steady; that is, if 

T*=^ - '^'-'^ 

The second part. 

^ . . : 

If the pressure necessary to jnainlain and keep U[) tlie steady potential How. It depends only 
on the velocity and density of the lluid. The greater the vrlccity, the sjualler tlie pressure. 
It is sojuetijues r-alled Bernouilli's pressure. Tliis pressure acts pennnnentl^' without ctian;^ing 
the How, and hence witliout changing its kinetie energy. It fallows tlierefore th:it the Ber- 
nouilli's pressure (14) acting on thi? surface of a ]uoving l)ody, run i)ot perforin or consume 
any nundumical work. I fence in the case of (he straight motion of n body tho component of 
resultant force parallel tt> the juotion is zero. 

3. Some important formulas follow from the creatiiuj <»f tho Mow hy the ijujoilsive pressure 
-«pp. F will assujue one body *uily, though this is not absolutely necessary for a j\irt of the 
results. Th(^ distribuTmn of this impulsive pirssure ov(»r the suTface of tlie bodies or bo^!v is 
characttTi/ed l^y a resultant impulsive forf-e and a resultant impulsive moment, As furtlier 
eharacteristir tlu-re is the mechanieal work perfoniUMl l)y the :impu!sive pressm-e durii\g the 
rroaiion of the (low, absorbed by the air ami contained aftenvar<tl^ in the (lr*w as kinetic energy 
of all parti<'les. 

It happens snj}u«tijues that the juomontuju imparted li» ih^ How around n b<w|y nii.ving 
tran.-^latory is parallel to the jnotinn of tlie budy. Since this mo^jiientum is proportional to the 
velocity, the eH'ect of the air on the jn»)tion ol the body in this diivction is then taken care of bv 
imparting to the body an apparent additional juass. If the veloriiy is not acctlerated, no force 
is necessary to jnnint ain the juotion. The body experiences no rVag, which is plaii.^iblc, iis no 
dissipation (»r energy is u>sumed. A sijnilar thing may hai)[>UAa witli a rotatijig ho<]y, wlii-re 
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then tlic Ixuly scojus to ]>ossoss an apparent lulilUidniil moniont oTaiiomcnlum. In <,'encr»l, 
however, tlie'jn.inienliim imparled lo (he Huid is not i.arallel to Ihomotion of the l)ody, buV il 
poriFesses a Literal eojnponenl. The hody in <jeiieral posset^sos dilTeiont apparent jnasscs M it!) 
respect to jnotionr. in dilTerent directions, and that makes the mcehmio^? of a body suiTounde.l 
by a perfect Ihiid diU'crenl fr.nu that of one jnovin<; in a vacuum. 

The kiuetie energy ijni)ar!ed to the nir is in a simple relation it the jnomentujn and Uia^ 

velocity of the body. During tlic gcnerfttion of the flow the body his the average velocity ^ 

during the thuo <U, hcucc it jnovcs through the distance ]^dt. Tiicwork performed is equal 
to the product of tlic comi>onent of resultant force of the creating piessurc in the direction of 
motion, niullipliod by this path, hence it is c^iual to half the produ<u of the velocity and tlie 
component of l!io impulsive force in its direction. 

' The san-ie argument can be Ubcd for the impulsive pressure actijg over the surfi'.co of Ihc 
body. Let dn be a linear clement at right angles to the sui-facc of ho body drawn outward. 
The velocity at right angles to the surface is then, -di'Jdn. and the p-essvire -p* acts throiigu 

the distance- -^'-ti/. The work performed all over the surface is tJicreforc 

r-JI»S«' - 

which integral is to be extended over the entire surface of the body coi^isting of all the elements 
rfS. 'Vhc expression umlcr iHc integral contains the mass of the dbmcnt of fluid ihsplaced 
by the svnface clement of the body per unit of time, each element tf mass multiplied by the 
velocity potential. The Bcrnouilli pressure docs not perform any vork, as discussed above, 
and is therefore omittcil. 

The apparent mass of a body moving in a particular direction deiends on the density ol tf.c 
lluid. It is more convenient tlierefore to consider a volume of theJuid havir.g a mass equr.1 
to the apparent mass of the body. ITiis volume is 

oc) 

^ 2 

and depends only on the dimensions and form of the body. „ . , • , 

The kinetic" cnergv of Ihc flow relative to a moving body in ar infinite fhiK. is of course 
infinite. It is possible, however, to consider the diminution of titr kinetic energy of the air 
movin.' with constant velocity brought about by the presence of a b.dy at rest. Ihis uimiini- 
tion oFener.'v has two causes. 'Hie body displaces fluid, and henci the entire eneiio- of the 
fluid is lessened bv tlie kinetic encrgv of the displaced th.id. Furtler, the yeloci!,y of the air 
in the neighborhood of the body is diminished on the average. Tlii forces between the bo<ly 
n.ul the (hiid arc the same in bo("li cases, whether the air or the body novcs. Hence this second 
dimhnition of kinetic energy is equal to the kinetic energy of the flov produced by the moving 
body in the fluid otUenviso at rest. 

II. THK AERODYNAMIC FORCKS ON AIRSHIP IliLLS. 
4 An important branch of theoretical aerodynamics deals with moments on bodies mov- 
inc^ ihrongh the air while producing a potential flow. ^Vings prod ice a flow different front a 
polential llow, in the strict meaning of the word. The wings hav<. therefore to be exchnled 

from the following discussion. , • ,r i i • „ r,,,. 

Consider first bo.lies moving straight an<l with constant veloctv- V ih.ougli nir e.Men.hng 
in all directions to iulinilv. There can not then be a ilrng, as tli- l.inet.c cuorjty of th.- lov, 
remains constant and no di..sipation of energy is supposed to take jlarc. Nor can tl)ore I.e a 

07 l.>^'i---M 1 
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lit'l in conformifv witli the remarks jusl mndv. Ilonco <ho lir pressures can at best produce, 
a resultant pure couple of forces or resultant inouient. 'Die luignilrule and dimcdon of tliis 
moment will depCTui un the nin;rnitude of tlie velocity V nml <n tlie pooilion of ihv hody rela- 
tive t<i the direction of its motion. With a clumgc of velocity all pressures measured from a 
suitable standard, clianj^'e proportional (o tlic square of tlie vdncity. a.s follows from equntion 
(14). Hence tlie resultant moment is likewise proportional to the s{[uare of the velocity. In 
addition it will depend on-tho posilirm of the body relative Ir. the direction of motion. The 
study of this latter relation is the chief suhject of this section. At each difFerent position of 
the body relative to the jnotion the How produced is did'erent in.;:eneral and s<» is the momentum 
of the flow, possessing (lifferent Ciunponents in tlie direction of md at riijlit angles to the diiec- 
tion of n\otion. 15}^ no means, however, can the relation Ix^KvecTi the momcTJtum OTid the 
direction of motion be quite ar})itrarily prescribed. The How due to the straight motion in 
an}' direction ran lie obtained by the STiperposition of three fhws produced by the motions in 
three particular directions. Tluit restricts the possibilities considerably. But that is not all, 
the moments cnn not even arbitrarily be proscribed in thrni directions. I shall preserdly 
show that thiM'c arc additional restrictions based on the priiuiplc of conservation of energy 
and juomontum. 

Let tliere be a component of the momentum lateral to tli^ motion, equal to h\^'pj wht-re 
p denotes the density of the air. Since the body is advancing, this lateral component of the 
momentum has contiiuuUly to be aTmihilatcd at its momentary position and to be created anew 
in its next position, occupied a mojuent later. This process requires a resultant moment 

M^K,V'p (17) 

al)out ail axis nt right f.ngles to the direction of motion und to th^ monu^ntum. In other v/ordr^ 
the lateral component of the jnomentum multiplied by the veludty gives directly the resultant 
moment. Ctmversely, if the bodj' experiences no resultant mojienl aFui hence is in equilibrium, 
the mouK'ntiun of the air flow must }.>e parallel iv the motioii. 

Now consitler a How relative to the body with constant vriiu ity V cxcopi for the disturb- 
ance 'of the body and let us examine its (diminution of) kinctf' onergy. If the bodj' change- 
its position very slowly, so that the flow can still be considered steady, the resultant momont 
is not afl'ected by tlu^ rotation but is the same as corresponding t-o the momentary position and 
stationary flow. This moment then perfonns or absorbs wotl during the slow rotation. It 
either tends in accelerate the rotation, so that the body has to be braked, or it is necessary to 
excr( n nK>menl on the body in order to overcome the resultant iioment. This work performcii 
or al)S(U'bed mnkes up for the chMuge of the kinetic energy of the low. That gives a fundamenti.I 
relation betwecTi the eiuu-gy ami the resultant monuMU. 

Th(Te are as many diflerent positions of the body rehuivrto its motion as n sphere has 
radii, Tlie kinetic energy of the flow is in general dilTerent fu* nil <lirections, the velocity 1' 
»nd <leasity r supposed to be constant. It lias tlie same value Jiowevor, if tlvc motion of ihe 
immersed solid is reversed, for then the entire flow is reversed. 'J'hen^fore each pair of direc- 
tions differing l)y \S{)^ has tlie same kinetic energy. This eneciy nioreover is always positive 
and finite. There mu^t tluMvfon^ be at least one pair nf dire(aicas, wJiere it is n minimum mui 
one wiiere it is a maxifuum. Moving parallei to either of these dn-ctions the body is in ecjuilib- 
rium and experiences no resultant moment. This f«»llows from the consideration l^;at then i\ 
smnll cJiango in iho direction of motion doer, not give rise to a' corres])onding c])aiige of the 
kinetic energy: the nionuMU does not |)erf<»rm any work, and hrnrrniust bo zero. The equilibriuni 
isslable if the diminulicMi of energy of the entire How is a niaxins^m ;ind unstable if it is a mini- 
mum. It cnn be proved lhat in addilioji there must be iit ]e;Ki one otJier axis of equilil)riuiv.. 
This is the position "neutral" with respi>ct to the stalde tlirec tiHi iind at the sanu^ time neutral 
with respeet to the unstable one. I cjdl these direetions mnij^ nxns," 

1 I'i'U'fed Id demons! jMif ihni the tlu't'c Wi-.nw u.\v> of <Mpnlil;!i)nn iire jiKv:\ys at rigiW- ;ing!<'s 
to oach other. Tonsider Hrst the motion [);irallel to n [>lane thirrii^^h <Mie the mnin axes ;'nd 
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only tlio ('(>jn|)(>nt>nts of Ihc inofU(M\tuin pjinillel to tliis piano. Tiic dirtvtion of motion of t!ie 
V>o(iy mi\\ ]>c inilinitod liy (lio angle a in such a way tliat is onr iniliion of equilibrium, and 

licnco \\-ilJiout laliM;il ronipononl of monientun). Tlic component of m>nu'ntuin in the <)iroc- 
lion of the niotion may tlien (tJiat is, wlicn a-^^O) ho h\nV, Vlien moving at tli(3 
anglo of a -90"', (ho momoriturn may he sn]>pi>se(l to possess the ron^iuncnls KjpV parjillol 
and h\pV ill right angles to the motion, an<l \ve shall prove at once tluit tlic only momentum 
is the former. 

Tiic kinetic energy for any iliroction a ean ho written in the general form 

y - I"' ^ (A', cos' a-f A", sin' a-f /v, cos a sin a) 

and honee the resultant moment is 

M^dT/da^ V'y^^iK,-' h\) sin 2 a-f- K, cos 2a| 1 (IS) 

Tliis resnltnnt mt>ment was supposed to he zero at Mcnee A'^^^C^, and it follows lluU 

a ^00^ is a position of equilibrium for motions in tlio plane considered. As for otiier motions, 
ii is to he noticed tliat the tliird eomponent of the momentum, at rigli; angles to tlie phuio, 
changes if tlie piano rotates around tlie axis of equilibrium. It nccesrtirily changes its sign 
during a rcv(»lution, antl v/liih? doing it J/ is zero. Thus it is demons tirjt.ed that there are at 
least iWKi axes at light unglos to encli other where all lateral <'omponentS'»f the momentum are 
zero, and lienrc tlu' motion is in tMpiilibriuni. And as this argument lioldst/nio for any pairof tlio 
throe axes of oipiilibrium, it is proved that there arc always at least thwo axes of cquilibririm 
at right angles to eaeli oth<^r. 

llesolving the velocity T of the imdy into tlirce coniponcntiJ, w, r, ^/M>arallel to those three 
main axes, tin*, kinetic energy can be ox])resscd 

The differential of the energy 

p {K^udn + ICvdv -f K^wdw) 

is identically zero in more than three pairs of positions only if at least t\so of the /T's arc c(juaL 
Then it is. zen^ in an indnite nundier of directions, and tliere are an infinite number of dircclions 
of equilibrium. The ])ody is in eqtiilibriun^ in all direetiofis f>f motion orly if all three A''s are 
equal ; thsit is. if llie apparent mass of the body is the same in nil directi»ns. That is ji special 
case. 

In all <»l]ier « ascs tho hotly experiences a nsultant moment if movingwitli (lie velocity com- 
ponents u, V, and t parallel to the three main axes. TJie component ofjhis rcsuUnnt monu-nt 
is detorniined by tlie momentary lateral momentum and its compcmer.ts. as stated in equation 
17. 

In most practical problems the motion occtu's in a main plane; lhatis, at right angles to a 
main axis. Then th(^ entire rcsnltanl moment is according lo (17) the )roduct of the velocity 
and tlie <ron"jponent of monientum a1 riglif angles to it, giving 

^f' r'^(Av A',) sin 2 « (h;) 

In general, ihe three main momrnla of the (low, parahel lo the respctive motion, do not 
pass tln-ough one center. Traciical problems occur chiefly with bodies of m olution. Willi ihem 
as well a^ with bodies with a center of symmetry —lliat is, such as Jiave tliree]>lanes of symmetry — 
the relation between the motion and tlie numienla is simj)le. Il folhnvv then from symmetry 
that t-lie body [tnx<e«es an a(»ro<lynanuc center Ihrougli wluch the thro* main momenta pass. 
'I'lns means that the body c»n bo put ini<J any straight mot.i«>n by a(>pbii\^J »^ f^^^'^^ 
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<Tnl(M\ TIic fi»rcc, however, is noi pnrallrl {o ihr nu)li(»n in tlu* Jnniii dirrc( ions. The 

<\-?UiT wlirn' I Ik: forco lias to l>c npf)lir(l coincides witli tlir amxlynaniic con! or, if tho (Tntor <if 
gi'iivity of llu* IxkIv <Iocs so ov if tho mass of tho l>ody itself (oui ]>o noplci tcil eomparod with 
any of the liuvo main iMhlilional masse>. 

Airship Inills are often })onnde(l hy suj'faces of revolulitui Jn addition tJiey are usually 
rather oUmjrated, :ui<l if tlie cros.s seeliuns are not exactly rounrLtlicy are at lonst a]>proxiniately 
of equit! and symmelriral sliajie and aiTangeil rdonfc a strai^^Ln ;>Ais. Siirfnees of rovolnlion 
have, of eonrso, eciual transverse apparent masses: eaeli transvu'sc axis al ripht anj^lcs to l)io 
axis of revolution is a main direction. For very elongated .surface? of revohition a furllier 
imporlant statement may he made regarding tlie magnitude of 'ihc hingitudinal and transverse 
apparent mass. When moving transversely tJie flow is ap])ro^iimately twt)-dimensional along 
tlic greatest part of tlie iengtli. The apparent additional mrtss of a eircuhir cylinder moving at 
right angles to its axis will he sliown to he equal to tlic mass of tjhe disidaeed Huid. It follows 
therefore that the apparent transverse additional mass of a veiy elongated ImkIv of jovolution 
is api>roxi!na(ely eipiai \o tlie mass of tiie displaced (luid. It is slightly smaller, as near the 
ends the fluid has opportunity to pass tlie how and stern. For cms:^ section? other tlian circular 
the tw<» main apparent nnisses fi>iiow in a similar way frojn tike np])arent mass of the cross 
section in the two-dimensional flow. 

The longitudinal apparent additional mass. on tlie other hand,istfmall whenr'omparcd vrith 
the mass of lUc dis[)hiced fluid, ft can 1)C neglected if the hociy is very elongated or ran at 
least he rale<l as a small correcti(m. This follows from the fact tliat only near the l)ow and tlio 
stern does the air have velocities ()f the same order of magnitulc as the velocity of motiori. 
Along the ship th<* veh^'ity not only is juuch smaller hut its dinetion is essentially opposite to 
the direction of motion, for llie how is <'ontinually displacing flinid and lhi» stern makes room 
free for the reception of the same ((uantity of fluid. Hence tlie hiid is (lowing from the how to 
tlie st<M-n. an<l as only a comparatively small volume is displaced per unit of time and the space 
is free in all directions \o distrilnite the How, the average veloi*ilj will he small. 

Tt is |)ossil)le to study rliis flow more closely an<l to prove iuialylically tlint the ratio of llie 
apparent mass to the <Iis])laced mas.'^ approacJies zero with imnasing elongation. This ])roof, 
however, re([uires the study or knowledge of quite a niimher of conceptions and theorems, and 
it seems hardly worth while to have the student go tlirough aE) this in order to prove sucli a 
plausihlc and trivial fact. 

The actual magnitudes of the longitudinal and transverse i^iasscs of elongated surfaces of 
revoluti<m can ho studied by means of exact computations nuvje by II. Lamb (reference o), 
with ellipsoid,- i>f revolutions of difFerent ratio of (elongation. 'Die figures of l\ and Z*.,, whi^r." 
A'--^A*X volume, obtained by hiin are contained in Table I of this pa]ier. and is ci)mpuli^l. 

For bodies of a shape reasonably similar to ellipsoids it can bt approximately assumed that 
(k^-l\) has tJ\e same value ns for an ellipsoid of the same Icngtli and volume; that is. if VoljV 
has tlie same value. 

T). The next ])robIcm of interest is the resultant aerodynamir force if the body rotates witli 
constant velocity around an axis outside of itself. Tliat is now comparatively simple, as tlie 
results of tlic hist section can be used- Tlic configuration of flow ldlows the body, with con.>tunl 
shape, magnitude, and hence with constant kinetie energy. Tl.i> resultant aerodynamic force, 
therefore, must be such as neitlior to consume nor to perform mechanical work. This loacis 
to the conclusion that the resultant force must pass tJirough tlu axis of. rotation. h\ gen.-ral 
it has botli a component at rigid angles and one parallel to the m^n'on of t)ie center oi the body. 

I confine tlie investigation to a surface of revolution. I^et an airship with llie aj>pnrrMri 
masses /v,p and /up and the apparent moTUent of inertia A'V rotation about a tiansverse 
axis through its aerodynamic eenter move with the velocity F of its aerodynamic center around 
an axis at the distance r from its aerodynamic center and let t.L> angle of 3'aw he measured 
between the axis of the ship an<l the tangent of the circular path at the aerodynamic^ < enti r. 
Tlie sliip is then rotating with the constant angular velocity T/'. The entire morion c^n be 
obtained by superposition of the longitudinal motion V cos rf the aerodynamic center, tlie 
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irrtnvor>o velocity Tsin 0, mid tlin an^'uhir voloriiy V/r. The lon^^iuiHinrtl compancnt of the 
niomrnhim is 1>. ro> c>. l\. vol. and llie trnnv(Msc rcHii[)onont of tlir momentum is Tp sin <>. 
k\. vol. iU'sides. tlirre is n moment of momentum due to the rotation. This can be expressed 
by introdnein*: tlu' ai>parent moment of inertin K'p^VJp where ./ is 'ihe moment of inertia of 
(ho (lisj>l;ired ;ur; llius makinj: the nnj^ulni njomenlum 

As it does not ehan^^e. it dvn-s not give rise to nny resultant aerodynamicforco or moment during 
the motion under consideration. 

The momentum remain*; constant, too, but changes its direction wkSi tlic angular veU)city 
r/r. This requires a force passing through the center of turn and ha^/ig the tranvcrsc com- 
ponent 

Ft^ K,p cos 4>Vyr (20) 

and' the longitutlinal component 

Fi^ K,p^\n<t>V'lr (21) 

The lirst (erm is nlmost some kind of centiifugal force. vSome air accompanies the ship, increas- 
ing its bngitudinal mass and lience its centrifugal force. It will be Qjticcd that with actual 
airships this aihlitiimnT centrifugal force is small, as /j, is small. The force attacking at the 
center of the turn can be replaced by tlic snme force attacking at tlic icrodynamic center and 
a moment around tliis center of the magnitude. 

.V- (A",- TQp sin (22) 

This moment is e(jual in direclion and. magnitude to the unstable momeit found during straiglit 
mot ion under the same angle of pitch or yaw. The longitudinal force if in practice a negative 
drag as th(^ bow of the ship is turned toward tlie inside of the circle. Itis of no great practical 
importance as it does not })roduce con.siderable structural stresses. 

It a])pears thus tluit the ship when flying in a curve or circle expeiirnces jJmost the same 
resultant moment as wheri flying straight and under the same angle of pitdl or yaw. I proceed to 
show, hov.-'^ver, tliat tlie transverse aerodjmamic forces producing tins resultant moment are 
distributed difl'ercMitly along tlic* axis of the shi]> in the two cases. 

f). Tlie distribution of the transverse aerodynamic forces along tlie axis can conveniently 
be computed for very elongated nirships. It may be supposed that the cross section is circular, 
although it is easy to generalize tlie proceeding for a more general shape of the cross section. 

The following investigation riMjuires the knowledge of the apparent: additional mass of a 
circular cylindtT mo\ing in n two-dinu^nsional How. T jiroceed to shnv that this apparent 
adflitional innss is exactly (*<|ual to the mass of the fluid displaced by the cylinder. In the, 
two-dimen>ional ilow tlie cyiindtM' is represented by a circle. 

Let the centfT of lliis circln coincide with tlie origin of a system of p)lnr coordinates Ii and 
<>. moving with it, and lei the ra<lius of the circle be denoted by r. Tk-n the velocity poten- 
tial of the (low created by this circle moving in the direction <t>^0 \v\il\ the velocity v is 
<f)=. tr' (cos (jy) 'IL For this poi<Mitial gives the radial velocity components 

^^^-•-r^,cos<^ 

and at tlie circumference of llie circlr this velocity becomes r cos Tlui is in fact the normal 
component of veioeity of a circle moving with the velocity r in the speciied direction. 

The kinetic energy of this fh)w is now to be determined. In an:thgy to equation (15). 
this is done by integrating along the circutnference of the circle the prodict of (a) the elements 

(»f half the mas^ of the tltii*! penetrating the circle f ^- cos </»7r(/0 j and (6).^he value of the veloc- 
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ity poioiUiiil at that point ( — v cos <l>.r). The integral is tliorobre 



J ' cos' tpv^r^(l4* 



f;ivin^' Iho kinotic onerpy r^KV^^- 



Tills s1h>u-s ll\al in fart tho aroa of appari^iil mass is (M|ual U) sir area of i\w circle. 
I am now enabled lo return to tlie airship. 

If a vci'v elonj^'aled air<hip is in tj-anslalnry h<jrixi>nlal m(ili>n tlirou^^li air i)llu*r\vi>e at rest 
ami is slij^hily piU:luMl. the fM»mpuntMU cf tlie im>Uon of the air ii the direction of th<' >i\is of llif 
'^hip can he ne^lect( d. Th(» air gives way to the j)assinj; ship ly (lo\\in<^ around ih<* axis t>f the 
ship, not hy (lowing alon;^ ii. Tiie air located in a vertical plme at ri«^ht aiiglo to (he moti«ni 
remains in thai |)lane. so thai tlie mtntion in each plane can he euisidered to he t\vo-dimensi< 'iiid. 
(/onsitlor inic such a[>proxiniately vertical layer of air at right iiigles to the axis wliilo the sliip 
is passing horizontally tin'ough it. The ship displaces u circnhr portion of this layer, and tliis 
portion change- its po-^iti<>n and its ^ize. The rate of change of positi^'n is e.x])rc^>ed by tin 
a[)pnrent vehx ity of this circidar i)orti(»n. the motion of the airiii the vertical layer is de^cribe<l 
hy the two-dimensional How pnnhicod hy a circle m<iving with lie same velocity. Ti»e nu;men- 
tum of this How is SrpfU, wliere S is the area of the circle^ aid /; the vertical v^'loeity 
circle, and dj- [he lliirkm'^^; of the layiM'. (!on-ider lirsi the* -^tnitdil llight t>f the sliip under the 
angle of pitch The velocity r of tiie disphiced circular porlim of the layer is then constant 
over the whok' length of the ship an<l i-- I'sin wliere I'is thcvloeity of the rdrship ah>ng t!ie 
circle- Not so iljc area N; it changes along the ship. At a parictdar layer it change^ uith the 
rate of change per unit time, 

\ cos 4>' 

where / dcnote> the h>ngitudinal coordititite. 

Therefore the momentum changes with the rate of <'hange 

1 sin 2,;. ^j^iiv 

This gives a tlown force ou the shij) with the magnitude 

<IF^(lxV'f^ sin 24yi- 

Next, consider the ship wiien turning, tlie angle of yaw being </>. The momentum in each ia\*M- 
is agnin 

The transverse vcl<»cily v is now variable. to<», a?^ it i- compfwedof the constant portii)n T^in <{'j 

proihiceil by the yaw, and f>f the variable ptirlion l'~cos iroduced by the turning. x- O 

rej)resen(s the ncrodymimio center. Hence the rate «if chanji> of the momentnm ])er \nv.{ 
length is 

1 sin J0-. - -f-p- - cos 0 . i/^Si 

giving ri^<' to tJie IransvtT e forci* per unit length 

dS / d^"^' 



i>r (»tlKM wi.;c w ritten 



JF--,h(^V-^ sin2* ^^H-r»-J COS*;. i>+ T'? ,s)h * l--*) 
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hull niodcl witliuuL fins exporionocs both a drag and a lift, if iirlinod. Tlio disoiissinn of (lie 
drag is boyond the scope of tliis papiT. Tho lift is very snijll, le<s than 1 por ronl of the 
lift of a wiuii with llio samo surface area. But tlu^ resultin^^ n'omont is c'om]>arati\'oly small, 
(on, nn<l thorofoiv i( ha|»pcns tliat tiio n*i:;nlting nion\cnt about the ccntoi* of volume* is only 
nlxHit 70 ])er ront of that expoctcrl in a porfort fluid. It appears, liowovtT, that the actunl 
resulting mf)nuMit is at loast of the same range of magnitude, anri the contcmi>lntion of the 
perfect fluid gives tiiercforc an explanation of tbe phenominrr. The diflVroncc can ho 
explained. The flow is not perfectly irrotalJoiial, for there fiTe free vortices near the liull, 
especially' a^ its rear end, wliere the air leaves the hull. Tluvvgive a lift acting at the rer»r 
end of tlie hidl. and lience decreasing the unstable moment withaespecL to the center of volume 

^'sccficii 





nil 

Some h sfra/ghf fiight under pitch 
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NegaftVe cenfnifugof force 





Vt" 1.- I'iitL'nii'i 5hnv ini: tlic diri>ctit»!i of tJjo K in>'er>r mi forces 
.irtinc nn an lir^hij) <lyine \n u turn. The thro*- Iitims jre lo 1)0 




Angle of affack 



What js perhaps inore important, they produce n kind of indncnl downwash. diminishing the 
efFcciive angle of attack, and hence the unstable moment. 

Thi'^ refers to airship hulls without (i?is, which are of no prasiical interest. Air-'i'p hulls 
with fhis must be considered \\\ a difTerent way. The fins area kind of wings: auu l!ie flow 
aroimd them, if they are incniuHl, is far froin bnin^ even appro:^in;(tc!y irrolnlional jnd (hrir 
lift is not zero. Tlie circulation of the inclined fins is not /.ohk an! as they are arrangr<l in the 
rear of the ship, {lie vertical flow induced by the fins in fnmt of thtm around the liull is directed 
upward if the ship is nosed up. Therefore the efi'ective angle oT nttack is increased, aiid iiie 
influence of the lift of the ludl itself is counteracted. For this roson it is to expeetoil that 
the transverse forces of hulls with fins in air agree belter with thi.'>e in a perfect fluid. S-ifiK* 
model tests to be discussed now confirm this. 
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Tlic>:(* Ipsts f^ivo tilt' lift nnd the momout witli rospoct to the. contn' of volume at diflcrcnt 
angles of iitlack niul with two difrcrcnfc sizes t>f fins. If one computoi tlie difTerence between 
the ol)S( rv<'d Tuonioiit and the expected moment of iho hull alone, aul divides (h<^ difl'erenco 
by Iho t)bserve<l lift, the apparent center of ])ressnre of the lift of the fiiF results. If tlie center 
of prerfsure is situated near the middle of the fins, and it is. it can bo inferred that the actual 
(low of the air around tlie Inill is not very diiferent from the flow of a [erfi*et fluid. It follows, 
then, that ttu^ distribution of the transverse forces in a perfect fluid j^ivcs good approximation 
of the actual <listribution. and not only for the case of strait^ht fli^rht mder consideration, but 
also if the shi]> moves aIon<^ a circular path. 

The model tests whicli 1 proceed to use were made by Geor^r Fuirniann in the old Goet- 
tinj^en win<l tunnel an<[ published in the Zeilschrift fiir Fhigtechnik md Motorluftscliifiabrt, 
nilO. The model, represented in Figure 3, had a length of 1,14.5 nillimeters, a maximum 
iliameter of 18S millimeters, and a volume of 0.0182 cubic meter. Two sets of fins were 
attach<ul to the hull, one after another; the smaller fins were rectangulai; 6.5 by 13 centimeters, 
and the larger ones, S by 1 5 centimeters. (Volume)' = 0,000 square nxiter. In Figure 3 both 
fins are shown. The diagram in Figure 2 gives both the observed lift anJithe moment expressed 
by means of absolute cocfllcicnts. They arc reduced to tlie unit of :die dynamical pressure, 
and also the moment is reduced to the unit of the volume, and the lift totlie unit of (volume) 



Tuj. '4.— Airship [at>lflr 




<• 6" <9* ^//;- /p* /4* /£' /e* 

Ang/e ofaffock 
Fir,. 4.— Con lor of presrrc of fin fortvs. 



Diagram Figure 4 sliovvs the position of tlio center of pressure computed as described 
before. The two horizontal lines represent the leading and the trailiig end of tlie fins. It 
appears that for botli sizes of the fins the curves nearly agree, particiiarly for greater angles 
of attack at which the tests are more accurate. The center of pressire is situated at about 
40 per cent of the choni of tlie fins. I conclude from tliis that the tleory of a perfect fluid 
gives a good indication of tlie actual distri])ution of the transverse fcrccs. In view of the 
small scale of the model, the agreement may be even better with acturil airships. 



nr. soMK PHACTK AL conc:lusions. 

S. Till' hist examination seems (o indicate that the actual unslallo moment of llic laiU 
in air agrees nenrly with that in a pi-rfect fiuid. Xow the actual airships with (ins are statically 
unstal>lc (as (he word is generally understood, not aeroslatically of couse); but not much so, 
and for the proent general discussion it can he assumed that tlic unsl;J)h' moment of the hull 
is nearly neutralized by tlie transverse f(*rce of the fins. 1 have shuvn that this unstable 

niornent is J/'--- (volume) iL\- k\) sin 2<^, where (fcj- A',) denotes tile factor of correction 

due lo finite elongation. Its magnitude is discussed In the first part of ids paper. Hence liu* 

iransviTso fon e of the fins inust be about where « <lenotes the dislaire betwei»n the fin an<I 

n 

the center of gra\ily of tlu- ship. Then the elfeclive area of the fins — ihi! is. the area of a wing 
uivinir the same lift in a two-dimensional (low- -follows: 

(Volume) (A-^ - 1\) 
air 
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Tukin-!: into lucuuiU tlic ^pun b of tlie fins— Uiat is. the (lisliave of two utmost ])oinls of impair 
of fins — tlic efrectivc fin area S must ho 

14 2^^' 
a ' TT 

This nroa S, ho\vov(T, is «;reut(T than the ucIumI (in area. Its Lva<:t mzv is uncertain, hut a far 
hotter ai)i)roxin\ati()n than the (in urea is obtniiicd hy inVnv^ lln- pi. Jcclicni of (he fins and (l-e 
part of the hull botwoeii thcni. 'Ihis is partieularly true if ihedianiotcr of the liull het\\T<Mi 
the fnis is small. 

If the ends of two nirsliipt; are similnr, it follows tliat the Ih iirea must he pr()i)ortion;d 
to a',-7.',)(vt>lume)'a. For rather elongated airships is ahnost erpial to 1 and con- 

stant, arul for such ships therefore it follows Hn\i the lin area must h^ proportional to (volume);^, 
or, less exactly, to tlu^ greatest cross soclion, ratlier than to (vohmc)-''*. Con^paral ivdy short 
Bhips, however, have a faet^ur {k.~l\) rather vana])]e, aiul witli tlum tiio (in art^a is more nearly 
proportional to (volume)-". 

This refers to circular section airsliips. Hulls with ellipticir section reciuire greater f'ms 
parallel to the greater plan view. If the greater axis of the ellii)s.i is horizontal, such shij)s are 
suhjectcd to the sanu- 1)onding moments for equal lift and size hut the section modulus is 
smaller, and licncc the stresses are increased. They reciuirc, liowe^cr, a smaller angle (»f attack 
for the same lift. The reverse holds true for elliptical sections willi the greater axes vertical. 

9. If the airsliip flies along a circular patii, the centrifugal fone must he neutralized by the 
, transverse force of tlie fin, for only the fin gives a eonsidera1)l(' nsuUant transvors/^ force. At 
YtliC same time tlie fin is supposccl nearly to neutralize tlie un^tuUe moment, 1 hcive shown 
^ now tliat tiie angular velocity, though indeed producing a considenhlo change of tJie distrihution 
of the transverse forces, and iience of the hon<ling moMienls, does not give nse tu a j^'sultm- 
force or nuMuent. Iience, tiie sliip flying along tiie circuhir |»;ilh luicl he inclined by iLe .-ann 
angle of yaw as if the transverse force is produced during a rectiliieur flight by pitching. 
{he equation of the transverse fiirce 

Vol(t,-t,)r^^sin20 
Volp^--« 

it follows that the angle is approximately 

This cxju-ossion in turn can be used for the determination of tlie distribution of the transverse 
force-, due to the inclination. Tlu' resultant traiisvei-se force is produced by the iiK liriiilioi^ 
of the fins. The rotation the rudder has chiefly the purpose of neutralizing the damjiing 
moment of llic tins tluMuselves. 

From the last relation, sub<titulc(! in ciiuation (2:>), follows jpproxin)ately the distnluu noi 
of the transverse forces due to tlu-. inclitiatio!\ of [)itch, consist iig (»f 

"S^i^^^H// m 

ax 2 r 

Tliis is only one part of the transverse forces. Tlw other piirt i^ due to tlie angular velocity; 
it is approximate.lv 

k^?I^_y.Pj,^.y^\,l, (27) 

- ax 2 r 



r 



The first term in (27) tc»gethcr willi (2fi) gives a part of (lie bniding monient. The second 
term in (27). having mainly a direetion opposite to the first i>Tie and to the rontrifngal fojvo, 
is almost neutralized by the centrifugal forces of the ship and give^ adilirional In-nding moments 
not verv.-onsidcrablccitluM'. It apf»ears, thm, that t lu' sliip i>xpcrimros sin:.ll(T In'Tulin- nion-.^nts 
when creating an air fierce by yaw opposite to the centrifugal fonn lium when creaiing the same 
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tninsvi^rsr d^vv. (luring a .-(nuglu lli<;!it hy pitclu Vor slii[)s witli rllipticji sections this can not 
ho iiixid so gcmTuUy. The sorond Icnn in (27) will then less perfectly ncuftrnlizc tlio centrifur^ftl 
force, if tliaf can ho said at >ill, and tlie bending nunncnts become greater lu most cases. 

lU. Most airship julots are of Uio opinion that severe acr(»dynamic lorces act on air?hip^ 
Hying in Innnpy weather. An exact computation uf tlie magnitude of tliese forces is not jx^ssible, 
as they tlepcnd oi\ the strength and shn])e <»f the gusts i^nd as j)rc)])ably no two exactly equiii 
gusts occur. Xcverlheless, it is worth wliile to rcfh^ct on this phen<tnienon and to get acfiuainied 
witli (he uiulerlying generjd mechanif'al principles. Ii will lie possible lo uoterniiTU^ how tlie 
nuignitude <>f the velocity of flight influences the air fru'ces due to gusis. It even becomes 
possi!)le to estimat*^ the magnitude of the air forces to be expected, thou{^t tliis estimation will 
necessarily be somewluit vngue, due to ignorance of the gusts. 

The airship is supposed to fly not tiwougii still air but through an atntosphore the different 
portifjns of which lu-.ve velocities rehitive to each other. This is the cause of the air forces in 
bumpy weatlicr, the airship (doming in contact with portions <jf nir having dlfTerent velocities. 
Hence, the configuration of the air Ihiw around each portion of the air^J•^p is changing as it 
alwny.s ha> to cfuiform to the changing relative velocity l>etween the porti^ui of the airshij) and 
tlie surroiuuling air. A change of the nir forces produced is the conseqmnce. 

Even an airshij) at rest experiences a<Todynamical ff>rces in bumpy weafther, as tlie air moves 
toward it. This is very pnuiouiieed near the ground, where the shape of the surromiding 
(»hjccts giv(^s rise to violent lo;'al motions of th<» air. The ])ilots have tic imj>i'ession that at 
greater altitudes an airship at rest does riot experience noticeable air forces iu hum])v weather. 
This is phiusible. The hull is struck by portions of air with relatively snialii velocity, and as the 
forces vary as tlu» square of the vch>city they can not become large. 

It will rea<li]y la* seen that the mc>\'ing airship can not experience considerable nir forces 
if the <listurbing air velocity is in the directi()n of (light. Only a comparif ivcly small portion 
of th(^ air can movi»i^wilh a htjrizontal velocity relative t(» the surrounding air arid this veiocitv 
can only be small. 1'he effect can only be an air ft*rce parallel to the axi> of the ship which is 
jjut likely to create largo structural stresses. 

There Temain.>, then, as the main problem the airship in motion comii^^ in contact with air 
moving in a transverse^ direction relative to the air surroumling it a moment before. The 
.stresses product!*! are severer if a larger portion of air moves with that nJi»tive velocity, it is 
therefore logical to consider portions of air large comjjarod with the diiisneter of the airship; 
smaller gusts i)roduce snudler air forces. It is now essential lo realize that their effect is exactly 
the same as if the angle of ntlaek of a portion of the airship is clumged. The air force acting 
on each j>oriion of the airshij) dept^uls on the relative velocity between this })oi tit>n and the 
surn>unding air. A relativ(* transverse velocity u mean> i\n edVelive an«;le of attack of tjiat 
portion erpial to where T deni>te^ the velocity of (light. Tin* airship therefore is now to 

be considereil a- having a val'iable eifeetive angh' of attack along its axis The nuignitude of 
the suporposeil angle (»f atta<-k is I*, where u genc^rally is varial)le. Tluviir force j)roduced nt 
each portion of the airshi[> is (lie same as the air force at that por(i(»n if the entire aijship would 
have that parlicnlar angle n{ attack. 

The magnitude of tlu^ air force ilepends on the conicity of the airshij) j^ortion as described in 
section 2. Tiu' force is propr)riional to the angle of attack and to the squu-e of tlie velocity of 
Ihght. In this case, however, the superpo>ed part of the angle of attack varies inverseiv as the 
veloeily {►f (light. It re>ulls^ then, that the air forces created i)y gusts are 'lireetly [)roj>ort]unal 
lo the velocity of (light. Iiulecd, as 1 have shown, they are ])roportional the product of tlu 
velocity of (light and (he transverse velocity relativ<' to the surroimding aiir. 

A special an<l si!nj)le case to consider for a <'h»ser investigation is the pjroblem <if an airship 
immersing fn»m air at re>( into air with con-tant transverse horizonial ^r vertical velocity. 
The pc^rlion of the >!»ij> already inunersed has an angle of attack increased ))y the con.-^iani 
anmuni ///I'. lOither it can ]w a.ssumed tliat by operation of tin* <-ontrols the airship keeps its 
t*ourse or, hetler, the motion of an airship with fixed controls and the air forces acting nn it 
undei these condit i<»ns can he investigated. As the (ins come under the inllcie.nce of the increased 
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,r.Mi^vor.o vol.K-itv later than the oth...r purls, the nirship is. ns i. .voro, unstnhle .lurinf^ Uu- timo 
of h;.:;.;;- sin; in^^^^^^^^^^^ .ur of .renter trn.svorse vel<,eit,v an<l the nuuou of the n.r.h.p a,,r.u a.e. 

In'sSe of this the «ct,.al stresses will he of the same rnn.e .f ..a^nitude ns if '.ho air.hip 
Hies 1 ' an a n^i: of pitch of the n.a,nitudc ulV. for in .enerd the change from s,.allor to 
1 ea. t ■In.verse velocity svill not he .o .ud.lcn and romplete.r, supposed ,n tne iu^t , 
™h ^ nocessarv ch clly to in.esti<:ate th. case of n vertical tvnnsverse relatu-c v loc (3 , 
^o"u e severe con<liiion for\he airship is n considcrahlc nn.le ofp..h and a ver .cal vc o 
rine eases those stresses. Uouce it wonhl he extremely nnpoinnt to know th ntax,. .urn 
1 n^, thi^ verUeal velocitv The velocity in question is not th> jireafest ve. Ucnl voloc.ly of 
Tor L o tl^ a t; r occurs hut dinelces of thi.s vehvity withu. distances sm„ er 
fhn tt len- h of the airslup. It is very difhcult to make a los.t.ve statement as to h 
te ocit" bu "it is noces..arv to conceive an i<lea of its ma.^nit,ulc,suhjecl to a eorrcct,on af t r 
th . .nore clo.sely. Stuclying the meteoroh.,.caT«pcrs .m ^^^^^^^f^^J^ 

B tish Advisory Committee for Aeronautics, chiefly those of H.O-- and ; 

r;:rrt:p;:r!^^^"s; 

p oiuce lorvl c tv, and is the same as if produced at highvebcity at « ^nxpara .v^- 
C^'gie of attack, noi more than 0". If tho highest velocity is 30^m./scc. (Cw m../hr.). the 
angle oi attack u/V, repeatedly mentioned before, would he =».8'. This is a httlc 

s-naller than 5° hut the assumption for u is rather vague. It canonly he said that tl>e stresses 
ckc to gusts are of the snnac range of magnitude as the stresses d,n to p.tch, hut they are pr<...- 

•TmeSfor keeping the stresses dowt^ in humpy weather :, by slowir.g down the speed 
of the aiixhip This i a practice coinmon among experienced arsh.p pilots. 1 m.s procc.hu..- 

ptti^uiari^ recominond'l if tlie airship is developing largo dynuiuc lift, po^tive or negative, 
as then the stresses arc already largo. 
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PoVitive (lirpctiona of axos and angles (forces and momcplB) arc shoTrn arrows. 
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Anglo of set of control surface (relative to 
neutral position), ^. (lidicatc surfaco by 
proper subscript.) 



4. PROPELLER SYMBOLS. 



J)iuinttcr, D 

Pitch (a) AcTodynamic pitch, 
(h) Efloctive pitch, 
(c) Mc;m gcomctnc pitch, 
((]) VirtAial pitch, 2>v 
(c) Slaiuljucl pitch, p, 

V\\c\i ratio, 

]i:fi(>\s^ velocity, 

S!':|)slrcum velocity, Fa 



Thrust, T 
Torque, Q 
Power, P 

(If '^coonicionts'' are :htroduccd all units 
used must ho consisloit.) 
Efllc'cncy n^ TV/P 
BcvolutioTis per 5?cr., ; pr min., A' 

Effective helix anjle 'V - Lin' (j^IfjI) 



5. NUMEHICAL RELATIONS. 



1 IP = 7G.04 h^r, m/scc.--550 lb. fl/scc. 
1 k;'. m/scc.-D.0I315lP 
J nu/lir. =0.^4701 m/scc. 
1 ia/jcc.« 2.23093 mi/hr. 



1 lb. =0.4o3rVJ \^r, 
1 Ivg, -2.204G2 11>. 
1 ini. = lG00.3r> m,- 
1 m. -=3.2808^ ft. 



^6280 fl. 



